Brain aging and associated neurodegeneration constitute a major societal challenge as well as one for the neuroimaging community. A full understanding of the physiological mechanisms underlying neurodegeneration still eludes medical researchers, fuelling the development of in vivo neuroimaging markers. Hence it is increasingly recognized that our understanding of neurodegenerative processes likely will depend upon the available information provided by imaging techniques. At the same time, the imaging techniques are often developed in response to the desire to observe certain physiological processes. In this context, functional MRI (fMRI), which has for decades provided information on neuronal activity, has evolved into a large family of techniques well suited for in vivo observations of brain physiology. Given the rapid technical advances in fMRI in recent years, this review aims to summarize the physiological basis of fMRI observations in healthy aging as well as in age-related neurodegeneration. This review focuses on in-vivo human brain imaging studies in this review and on disease features that can be imaged using fMRI methods. In addition to providing detailed literature summaries, this review also discusses future directions in the study of brain physiology using fMRI in the clinical setting.
Introduction
As the world population ages, the number of individuals affected by age-related neurodegenerative disorders is expected to rapidly increase. As an example, for Alzheimer's disease (AD), the prevalence is expected to double within the next 20 years (Prince et al., 2013) . Neuroimaging has provided much valuable evidence of functional and structural changes that take place in aging and associated neurodegenerative diseases, and has an increasing capacity to provide unparalleled insight into the mechanisms that sustain the living human brain. Knowledge about brain physiology in aging and neurodegeneration hold the key to understanding the sources of the observed changes, and may indeed lead to early detection and halting of disease progression.
This review focuses on the measurement of brain physiology. In the medical context, "physiology" contrasts "anatomy" and pertain to the processes supporting brain function, mainly including vascular and metabolic function. This review will begin by summarizing the current understanding regarding the physiological mechanisms sustaining human brain function, to be followed by a summary of physiological metrics that can be measured using functional MRI (fMRI) techniques. The imaging work and findings are discussed with previous findings using well-established imaging and spectroscopic techniques.
Human brain physiology
The human brain constitutes fewer than 2% of the average body weight but consumes over 20% of the nutrients (Drubach, 2000) . This energy-intensive organ requires a constant supply of nutrients to feed neuronal communications through neuronal firing and postsynaptic currents. The biochemical and vascular mechanisms underlying neuronal activity are detailed in the following subsections.
Neural activity and cerebral energetics
Action potentials, otherwise referred to as spikes or neuronal firing, trigger the influx of calcium ions (Ca 2þ ) and thus the release of neurotransmitter-filled vesicles across the synaptic cleft. The vesicles then bind with receptor molecules in the postsynaptic membrane. This binding, also called synapses, engenders small hyperpolarizing currents altering the membrane potential in the postsynaptic neuron, either giving rise to new action potentials (excitatory synapse) or preventing them (inhibitory synapse), thus realizing the extensive propagation of neuronal signalling. A neuron's ability to generate synaptic and action potentials depends on the existence of an electrochemical gradient across the cell membrane, arising from intra-extracellular differences in the concentrations of various ions, most notably sodium (Na þ ) and potassium (K þ ). The propagation of both synaptic and action potentials is mediated by the opening of ion channels, and powered by adenosine triphosphate (ATP) molecules. The cellular ATP requirements are modulated by the rate of synapses and neuronal firing, and increases in the discharge frequency result in a greater need for glucose and oxygen, the basic substrates of ATP production. A main channel of ATP synthesis is through glycolysis, a series of anaerobic, enzyme-catalyzed reactions resulting in the conversion of glucose into ATP, pyruvate and lactate. Normally, glycolysis is followed by the trans-carboxylic acid cycle, a more efficient ATP synthesizing process that is associated with oxygen utilization in the mitochondria (oxidative phosphorylation), as well as CO2 and water as by-products. This reliance on O 2 and glucose constitutes the classic view of neuroenergetics, as the overwhelmingly superior efficiency of oxidative ATP production precludes the possibility of a purely anaerobic response to stimulation-driven ATP demand (Shulman et al., 2001) . ATP production in the mitochondria also induces the formation of reactive oxygen species (ROS) that can be harmful for cells, as exemplified by the aging process.
Notwithstanding, stimulus-dependent variations in the oxygen-toglucose metabolism ratio has been repeatedly reported using PET and MR spectroscopy (Marrett and Gjedde, 1997; Shulman et al., 2001) , suggesting a transient utilization of a tissue glycogen reserve that is not account for in the classic view. This has been proposed as the result of lactate conversion into pyruvate in a non-oxidative process, though with much lower efficiency than oxidative phosphorylation (Gjedde et al., 2002) . However, the fMRI techniques introduced in this review are mostly built upon blood-flow or blood-oxygenation based mechanisms, and thus target phenomenon consistent with O 2 -glucose neuroenergetics.
Neurovascular coupling and the neurovascular unit
Traditionally it has been understood that surges in the brain's energy needs is met via increased tissue perfusion (CBF) (Roy and Sherrington, 1890) , realized by dilation of the arterioles and retrogradely by the pial arteries (Duling and Berne, 1970) , which decreases the resistance of the latter to flow and leads to increased blood volume (CBV) (Grubb et al., 1974) . This process is referred to as functional hyperemia, which enhances not only nutrient transport but also waste removal and temperature regulation. This process, termed neurovascular coupling, is a fundamental component of cerebral homeostasis, and is accomplished by a group of cells known as the neurovascular unit (Fig. 1) .
Initially, the hemodynamic response is thought to be initiated through contractions and relaxations of arterial smooth muscles (regulated globally and locally). This feedback-based control mechanism is responds to changes in energy demand, as ATP is required for reestablishing iron gradients after neuronal signalling (Attwell and Laughlin, 2001) . The need for a hemodynamic response could be signalled through a lack of O 2 or glucose, or an increase in CO 2 production. This process has traditionally been associated solely with neuronal signalling, hence the term neurovascular coupling. The O2 supplied by the hemodynamic response far exceeds what appears to be required by neural activity, a phenomenon that has yet to be fully explained Hayashi et al., 2003; Leithner and Royl, 2013; Paulson et al., 2010) .
As a side note, strong CBF responses can be induced by intravascular CO 2 alterations. Notwithstanding the nervous response initiation by the macrovascular CO 2 receptors, the homeostatic blood pH is actively maintained. Thus, hypercapnic challenges, in which the arterial CO 2 content is increased, inducing large CBF increases without a significant concomitant increase in metabolic rate (Chen and Pike, 2010; Jain et al., 2011) , have been widely used to study cerebrovascular coupling. Regional flow variations can also be triggered by changes in extracellular K þ , Ca 2þ and ATP concentrations (Lassen, 1991) . In addition, much importance has been attached to the role of nitric oxide (NO), which is synthesized locally following glutamate receptor activity, and has been implicated in the modulation of vasodilatory effects produced by nearly all the above mediators (Iadecola et al., 1994) . Later studies involving blood O 2 and glucose manipulations pointed to an alternate neurovascular regulation mechanism, as it was clear that local CO 2 increases were not the main driver of functional hyperemia, which is instead mediated by a number of vasoactive and metabolic agents (Girouard and Iadecola, 2006) . Notably, the synaptic release of glutamate activates neuronal NMDA (N-methyl-D-aspartate) receptors, resulting in the entry of Ca 2þ into neurons and the release of the vasodilatory NO. However, NO concentration might simply mediate instead of govern neuron-vessel signalling (Akg€ oren et al., 1996) (Yang et al., 2003) . The glia and interneurons have also been implicated in what is considered a feed-forward vascular-control mechanism (Cauli et al., 2004) . The neuroglia, particularly astrocytes, have been implicated in feedforward neurovascular coupling at the microvascular level through a number of pathways. ATP is not only taken up by the restoration of postsynaptic ionic gradients, but also in the astrocytes by excitatory amino acid transporters for glutamate-to-glutamine conversion, whereby (Zhang et al., 2012) with permission.
glutamate is a main excitatory neurotransmitter that must be recycled into glutamine for uptake by neurons. This cascade of events leads to the release of adenosine and the of vasoactive agents (Ko et al., 1990) . Moreover, functional hyperemia is also mediated by glutamate-mediated Ca 2þ waves in the astrocytes (Zonta et al., 2003) . Additionally, there is evidence that direct and extensive neuronal innervation of smooth muscle cells can also control blood flow (Hamel, 2004; Mulligan and MacVicar, 2004) , and astrocytes can increase CBF by releasing Kþ ions from their endfeet onto arterioles. The astrocytes belong to a group of perivascular cells, or pericytes, that possess contractile properties that engage in the fine-scale control and maintenance of arteriolar and capillary tone (Bergers and Song, 2005) . Pericytes play a crucial role in the formation and functionality of the selectively permeable space that is the blood-brain barrier. The BBB is unique to the central nervous system, and regulates the delivery of important nutrients to the brain through active and passive transport mechanisms and prevents toxins from entering the brain (Zlokovic, 2008) . Conversely, BBB disruption is a classic marker of vascular dysfunction.
Functional imaging of brain physiology
Functional MRI methods do not image neuronal activity directly; instead, they target the detection of changes in its various physiological correlates. When fMRI is mentioned, the blood-oxygenation leveldependent (BOLD) technique almost always comes to mind. First demonstrated by Ogawa et al. (1990) , BOLD imaging relies on the paramagnetic properties of deoxyhemoglobin (dHb) in blood (Thulborn et al., 1981) and on intact neurovascular coupling. That is, the increase in cerebral oxidative metabolism (CMRO 2 ) that follows a surge of neuronal activity is normally associated with an enhanced cerebral blood flow (CBF) and blood volume (CBV) to the activated area, introduced earlier as functional hyperemia. The converse appears to take place during decreases in neuronal activity. Such changes are consistent with the classic view of neuronal energetics, and result in changes in the intravascular content of dHb, with increasing dHb content leading to MR image intensity reduction.
The superior sensitivity and relative technical simplicity of BOLD imaging have resulted in its unequivocal dominance in the field of fMRI. However, fMRI is not confined to BOLD imaging. Rather, fMRI encompasses a family of non-invasive imaging techniques that provide information on multiple aspects of brain function and physiology. Perfusionbased fMRI techniques target CBF and CBV in both the static and dynamic sense. With minor modifications, perfusion fMRI methods can also provide estimates of the arterial-transit time (ATT), which further describes cerebral hemodynamics (Wang et al., 2013) . Moreover, a combination of blood-oxygenation and blood flow measurements enables the estimation the oxygen-extraction fraction (OEF) and CMRO 2 (Hoge, 2012) . While most existing fMRI methods do not require exogenous contrast injections, contrast agents can also allow for the mapping of blood-brain barrier (BBB) permeability (Barbier et al., 2002) , a key indicator of vascular health. In this review, we will not delve into molecular fMRI methods (Bartelle et al., 2016 ) that directly target metabolites and neurotransmitters, which are nonetheless integral to maintaining brain function. Also, the various fMRI techniques are described in more detail in this section in the context of the measures that they provide. In an endeavour to provide sufficient breadth and context, the techniques are further categorized as "established" and "emerging", as their adoptions in clinical research are vastly different.
Established methods
The relatively established fMRI methods mainly target the measurement of vascular health, entailing the mapping of perfusion and cerebrovascular reactivity. Having been proposed more than 20 years ago, these techniques have generally been validated for sensitivity, specificity and reproducibility, with very encouraging translational track records. However, data interpretation should always be done in considering the assumptions involved in each technique.
Contrast-enhanced perfusion imaging
The first application of MRI in perfusion imaging (the imaging of CBF and CBV) relied on the injection of contrast agents. Dynamic susceptibility-contrast perfusion imaging (DSC MRI) capitalizes on the contrast-agent induced dynamic changes in the transverse relaxation (T2 or T2*) of blood and brain tissue to derive quantitative CBF and CBV as well as tissue mean-transit time (Barker et al., 2013; Ostergaard et al., 1996) . Mostly commonly used as a blood-pool contrast agent in human studies is gadolinium-DTPA. DSC perfusion was rigorously validated against positron-emission tomography (PET) Sakoh et al., 2000) , single-photon emission computed tomography (SPECT) (Wirestam et al., 2000) as well as X-ray computed tomography (CT) (Wintermark et al., 2005) , and has well-established application in cerebrovascular diseases (Barker et al., 2013) . However, the accurate identification of an arterial input function in the presence of possible occlusions has been a continual challenge (Chen et al., 2005; Yin et al., 2014) use of DSC MRI in measuring functional physiology has been less common (Frahm et al., 2008) , as the rapid contrast washout would necessitate continuous infusion of contrast agents, limiting the feasibility of such techniques in providing dynamic CBF and CBV information. Furthermore, compromised BBB results in a loss of intravascular susceptibility contrast and severe perfusion-measurement inaccuracies (Sourbron et al., 2009 ).
Perfusion imaging
The predominant perfusion fMRI methods are based on endogenous contrast generated through blood water (Kwong et al., 1995) , and was used in the first CBF-based fMRI experiment (Belliveau et al., 1991) . Notably, arterial-spin labeling (ASL) (Detre et al., 1992) techniques rely on contrast generated by a magnetic label applied to inflowing arterial blood. After a certain post-labeling delay, as the tagged blood flows into tissue and exchange water with local tissue in a manner that is dependent on the flow rate. By fitting the difference between the tag and control (without tag) signals to a tissue-blood water exchange model (Buxton et al., 1998) , quantitative CBF can be estimated. Moreover, dynamic changes in CBF in response to vascular stimuli or functional tasks can be derived from the time-series ASL images without the quantification step (Buxton et al., 1998; Wong et al., 1997) . ASL perfusion measurements have also been validated repeatedly against those of PET (Chen et al., 2008; Ye et al., 2000) .
While the first instance of ASL involved the use of a continuous radiofrequency (RF) irradiation to generate the magnetic label (hence its is termed continuous ASL, CASL) (Detre et al., 1992) , impediments in the forms of extra hardware requirements and enhanced magnetization-transfer effects lead to the development of pulsed ASL (PASL) techniques (Barbier et al., 2001; Detre et al., 1992) . PASL methods dominated a decade of fMRI studies (Wong et al., 1999) and have found their way into routine clinical studies (Telischak et al., 2014; Th eberge, 2008; Wierenga et al., 2014) . Moreover, by acquiring data at two different echo times ("dual echo"), CBF and BOLD contrast can both be extracted from ASL data. However, the brief RF label used in PASL leads to low CBF-contrast in cases of prolonged post-labeling delays (e.g. for patients) as well as high CBF estimation variability in the presence of heterogeneous regional arterial-arrival times. Efforts to overcome these challenges gave birth to pseudo-continuous ASL (pCASL) (Dai et al., 2008) . The magnetic label in pCASL is performed through a train of pulsed RF labels, allowing for longer magnetic labels as well as longer post-labeling wait times but without the need for specialized hardware. It should be noted that the labeling efficiency of the pCASL pulse train can fluctuate with flow velocity, flow orientation and magnetic-field homogeneity, and solutions have been proposed to account for these caveats (Aslan et al., 2010; Han et al., 2016; Jung et al., 2012) . At the time of this review, the superior perfusion contrast offered by pCASL has propelled it into the de facto standard in ASL fMRI (Teeuwisse et al., 2014) .
Cerebrovascular reactivity mapping
Cerebrovascular reactivity (CVR) is a well-established indicator of vascular reserve and autoregulatory efficiency. CVR decline has been associated with normal aging, and is the most reliable neuroimaging predictor of impending cerebrovascular disease (Pillai and Mikulis, 2015) . Monitoring CVR in the elderly can provide critical therapeutic and scientific insight.
Qualitative CVR information can be gleaned from the fMRI response to any task (Dumas et al., 2012) , but when quantitative CVR values are desired, vascular agents are generally required. Vascular agents used for CVR measurement generally include acetazolamide injection and CO 2 . The latter is reflected in changes in PETCO 2 , a surrogate for arterial CO 2 (PaCO 2 ) (Battisti-Charbonney et al., 2011) . The role of CO 2 as a potent vasodilator has been described earlier. CBF increases by 3-4% per mmHg increase of PETCO 2 , reaching its highest level when PETCO 2 is elevated by 10-20 mmHg above normal resting value (Brugniaux et al., 2007) . CVR is normally symmetric across hemispheres and homogeneously distributed in grey matter (van der Zande et al., 2005) . While fMRI is not the most established method of assessing CVR, it offers marked advantages over older methods, including richer spatial information and reduced invasiveness (Iannetti and Wise, 2007) . Thus, CO 2 -based CVR measured using fMRI has been widely applied to studying brain health, and has been extensively cross-validated (Herzig et al., 2008) . Typically, CVR is measured as the ratio between changes in the BOLD signal and in PETCO 2 , but can equally be measured using the CBF signal (Halani et al., 2015) .
Robust PETCO 2 elevation (hypercapnia) can be induced through manually adjusted administration of blended gases (Cohen et al., 2004) , end-tidal forcing (Poulin et al., 1996) or more recently, computerized PETCO 2 targeting (Mark et al., 2010; Slessarev et al., 2007) . The latter method also provides immediate and robust PETCO 2 suppression (hypocapnia) (Blockley et al., 2011) , and has been proposed as part of a rapid CVR-mapping protocol (Blockley et al., 2017 (Blockley et al., , 2011 .
CO 2 -based CVR quantification was previously implemented mainly using transcranial Doppler ultrasound (TCD) (Ainslie and Duffin, 2009) , PET (Ito et al., 2001 ) and dynamic computed CT (Chen et al., 2006) . More recently using fMRI, CVR has been reliably assessed in both grey and white matter (Thomas et al., 2014) . In the absence of a CO 2 delivery apparatus, breathing challenges including breath-holding and cued deep breathing (Bright et al., 2009 ) have been proposed as alternative ways to modulate PETCO 2 . A comparison of breath-holding and inhaled-CO 2 approaches reveals important CVR dependence on methodology (Tancredi and Hoge, 2013) . Furthermore, the reproducibility of both approaches have been established in healthy young controls (Bright and Murphy, 2013; Kassner et al., 2010) .
Very recently, resting-state methods that do not require CO 2 perturbation have also been proposed (Golestani et al., 2016; Jahanian et al., 2017; Liu et al., 2017) . Resting-state CVR methods rely on intrinsic fluctuations in the BOLD fMRI signal, and may significantly broaden the accessibility of CVR mapping to clinical researchers. Additionally, beyond the magnitude of CVR, the dynamic features of the fMRI response can also provide useful information. A slowing of the CVR response has been shown to characterize vascular lesions (Poublanc et al., 2015) , adding a dimension to the utility of CVR mapping.
CVR mapping will be covered in a comprehensive review in this special issue, and will not be detailed here. However, it is critical to note that while CVR is defined as a blood-flow response (as is the case in TCD, PET and CT), the BOLD signal is modulated by both CBF and CBV as well as baseline oxidative metabolism, not to mention a series of fielddependent physical variables. Thus, the assumption of a linear relationship between the BOLD and CBF responses to CO 2 may at times be tenuous. Specifically, it is widely known that the BOLD response varies with CBF in a non-linear fashion (Hoge et al., 1999) . This nonlinearity is superimposed in the vasculature's own nonlinear response behaviour to CO 2 (Battisti-Charbonney et al., 2011) . Such nonlinear CVR changes have been demonstrated through a comparison with CBF-based CVR measurements at various vascular baselines (Halani et al., 2015) , and may in a small part underlie the BOLD response behaviour in the "vascular steal" phenomenon (Sobczyk et al., 2014) . This limitation will require careful consideration in the presence of known vascular dysfunction (Battisti-Charbonney et al., 2011).
Emerging methods
The emerging methods are less used in the clinical arena, but their importance cannot be overstated. It is understood that some of these techniques will require less translational effort than others and that not all of these techniques will find clinical uptake, but being made aware of them and working towards accelerating their translation should be a main target for neuroimaging researchers in the coming decade.
Arterial-transit time
By acquiring ASL images at multiple postlabeling delays (i.e. multidelay ASL), the arterial-transit time (ATT) can be estimated as the delay time associated with the maximum control-tag signal difference Qiu et al., 2010; Wang et al., 2003 Wang et al., , 2014 . The ATT is an indicator of cerebral hemodynamics, being prolonged in older subjects as well as patients suffering from cerebrovascular disorders (Detre and Alsop, 1999; Wang et al., 2014) . Multi-delay ASL can be used with either PASL or pCASL labeling schemes to allow for more accurate characterization of CBF (Parkes, 2005) .
Contrast-free mapping of cerebral-blood volume
Thought related to CBF, CBV offers unique diagnostic information (Siegal et al., 1997) , and dynamic CBV is particular useful for isolating vascular from metabolic contributions to the BOLD fMRI signal (Hoge, 2012) . The well-known power-law relationship first reported by Grubb et al. (1974) only relates CBF and CBV in their static than dynamic states. To date, three approaches to non-invasive dynamic CBV monitoring for fMRI have been introduced. The first, introduced by Lu et al. attempts to isolate blood from tissue based on blood-tissue longitudinal relaxation differences and has been termed vascular space occupancy (VASO) (Lu et al., 2003) . This method has since been extended for mapping quantitative CBV (Hua et al., 2011) . Other methods, including MOTIVE (Kim and Kim, 2005) and VERVE (Stefanovic and Pike, 2005) , sought to isolate arterial and venous CBV changes, respectively. CBV-mapping techniques are extensively described in a recent review (Hua et al., 2018) , and will not be repeated here. It should be mentioned, however, that an important consideration for both CBV and CBF mapping using fMRI methods is the role of blood-brain barrier permeability (Wu et al., 2010) .
Despite the diagnostic utility of CBV measurements, the adoption of CBV techniques has been modest (Donahue et al., 2009) , with VASO leading clinical translation. Though non-invasive, techniques such as VASO and MOTIVE rely upon a number of assumptions regarding blood and tissue properties, while VERVE carries high power deposition, heavy modeling requirements and limited spatial coverage. Without a feasible way to isolate arterial and venous CBV quantitatively, most CBV studies are limited to quantifying total CBV, as is provided by contrast-enhanced or VASO CBV techniques.
Blood-brain barrier permeability
Quantitative measurement of BBB permeability (Tofts and Kermode, 1991) has been performed based on dynamic contrast-enhanced (DCE) MRI (Barbier et al., 2002; Li et al., 2016; Wu et al., 2010) , commonly using gadolinium. In brief, in the presence of BBB disruptions, the accumulation of contrast material in the extravascular extracellular space (EES) of affected tissues leads to increased T 1 relaxation and, therefore, increased signal intensity in T 1 -weighted images. However, customized DCE MRI can also be used to provide perfusion contrast (Li et al., 2000) .
Quantitative BBB permeability is computed by modeling contrast exchange between blood and the EES. For a detailed description of the methodology, we will defer to a recent review on the topic (Heye et al., 2014) . The main caveats of permeability measurement include attention to contrast dosage and the influence of typical scanner instabilities.
The oxygen-extraction fraction (OEF) is the ratio between the rate of cerebral O 2 metabolism and delivery. The link between OEF and oxidative metabolism (CMRO 2 ) as well as CBF is illustrated in Fig. 2 . The conventional standard method for mapping OEF and CMRO 2 has been 15 O PET (Fox and Raichle, 1986) , but in the context of broader adoption, PET is disadvantaged by its lower spatial resolution, lower signal-to-noise and higher invasiveness.
Global OEF has been estimated using fMRI methods based on in vivo MR relaxometry of venous blood (Chen and Pike, 2010; Lu et al., 2012; Qin et al., 2010) and on the phase of deoxygenated blood (Jain et al., 2012) . Notably, the T 2 -relaxation-under-spin-tagging (TRUST) method , which estimates venous oxygenation (and hence OEF) using the known relationship between blood T 2 and oxygenation, has been validated using pulse oximetry. Furthermore, based on the Kety-Schmidt principle, OEF estimates have been converted to estimates of global CMRO 2 with the help of phase-contrast based arterial flow measurements (Chen and Pike, 2010) . The Kety-Schmidt based methods do not provide spatially resolved measurements, and are hence not "imaging methods" per se (i.e. the focus of this review). Furthermore, the accuracy of T 2 -based techniques such as these relies on accurate knowledge about the oxygenation dependence of T 2 at any given field strength. The TRUST method further relies the isolation of venous blood from other tissue types through flow labeling of descending flow, failures in which would result in OEF underestimation.
In terms of regional-specific CMRO 2 mapping, a wealth of research has centred around calibrated BOLD fMRI (Davis et al., 1998; Hoge et al., 1999) . The calibrated-BOLD model assumes, among many things, that (1) both positive and negative vascular responses are a result changes in oxygen metabolism; (2) the relationship between changes in CMRO and CBF is largely fixed during a task block; (3) the intravascular BOLD signal contribution is negligible. In using calibrated fMRI to map brain activity, anaerobic metabolism is largely ignored. The first instance of calibrated fMRI called for the use of hypercapnia, which presumably induces a purely vascular response (without CMRO 2 involvement) that is required in parameterizing the quantitative BOLD model. Hypercapnia can be induced through inhaled CO 2 or breath-holding, similar to the case of CVR measurement. An alternative calibration approach is through hyperoxia, assuming that O 2 modulation does not induce vascular changes (Chiarelli et al., 2007a) . However, both sets of assumptions may not hold under all circumstances. Thus, both hypercapnia and hyperoxia have been included in a comprehensive calibration model , with the advantage of relaxing the assumptions of both earlier models, but strict subject cooperation is still required. The promise of gas-free calibration has also been proposed, based on the estimation of baseline tissue oxygenation via T 2 and T 2 * (Blockley et al., 2015; Lu et al., 2011a) . That is, T 2 0 is proportional to CMRO 2 divided by CBF Â CBV. The major limitation, however, is that a calibration factor that relates the T 2 * (hence T 2 0 ) value to the M value needs to be estimated, and this calibration factor is sequence dependent. One of the alternatives to calibrated fMRI is a technique termed quantitative BOLD, or "qBOLD" (He et al., 2008) , which has been proposed for OEF estimation based on the interplay between T 2 and T 2 * decay. The main challenges in broadening qBOLD's application is the need to fit sometimes-noisy data to a multi-parametric model. Another novel approach, "quantitative imaging of extraction of oxygen and tissue consumption (QUIXOTIC) (Bolar et al., 2011) , uses venular-targeted velocity-selective spin labeling to isolate venous blood, followed by rapid refocusing to induce T 2 sensitivity in the venous signal. The T 2 is in turn related to venous oxygenation (like in the TRUST method), which, in combination with CBF measurements, can be used to derive voxel-wise quantitative CMRO 2 . The main drawbacks of QUIXOTIC include the need to select a cutoff flow velocity for targeting venular blood flow as well as the long scan time, which the recently proposed turbo QUIXOTIC method attempts to remedy (Stout et al., 2018 ). Yet another alternative to calibrated fMRI is susceptibility-weighted imaging (SWI). The phase images generated by SWI can be used to estimate OEF changes in response to stimuli or challenges (Zaitsu et al., 2011) . Quantitative susceptibility mapping (QSM), which does not require gas challenges, is based on the linear dependence of magnetic susceptibility on dHb concentration (Spees et al., 2001) . QSM has been used to quantify blood oxygenation in veins (Fan et al., 2012; Haacke et al., 1997 ) and brain tissues (Zhang et al., 2016) . More specifically, maps of task-induced CMRO 2 and OEF changes can be computed using QSM and ASL data . The main challenges facing QSM include the need to solve an ill-posed inverse problem as well as the dependence of QSM estimates on slice orientation. To provide perspective, QUIXOTIC shares similar limitations with TRUST, while QSM is still contingent on an accurate knowledge of venous orientation. Both of these methods are also currently limited by their lengthy scan times, while the qBOLD model is still under development. Efforts to streamline methods such as calibrated BOLD will likely bring about promising growth in clinical translation. Moreover, the superior versatility of fMRI allows numerous alternatives in multimodal integration, such as with near-infrared spectroscopy (NIRS) in the study of aging (Agbangla et al., 2017) .
Neurovascular coupling
Although the neurovascular coupling (NVC) ratio classically relates CBF and CMRO 2 , it is possible to extract such information without quantifying the CMRO 2 response, by measuring the BOLD and CBF task responses simultaneously; a similar neurovascular correlate was applied to resting-state fMRI data (Tak et al., 2014) . Such an approach bypasses the confound of age-dependence on task performance and can reveal intrinsic traits of the NVU. Specifically, given the same level of BOLD response, a higher CBF response in older than young adults (Ances et al., 2009) suggests an altered NVC ratio. This could be explained by either (1) a higher CMRO 2 increase in response to task requirements, or (2) a hypoperfused baseline, a common finding amongst aging clinical populations (see Table 1 ). The fractional nature of relative BOLD and CBF measurements leads to such ambiguities, making interpretation critically dependent on additional quantitative metrics, such as baseline CBF and baseline blood oxygenation. Fig. 2 . Interactions amongst CMRO 2 , CBF and OEF. All three remain relatively stable during normal brain function (shaded green). During neuronal activation (shaded blue), the increase in CBF overcompensates the increase in CMRO2, resulting in an overall decrease in OEF which gives rise to a higher BOLD signal. During vascular dysfunction (shaded pink), perfusion can consistently decrease, forcing OEF to rise in order to maintain CMRO 2 .
Fmri in studying aging and neurodegeneration
Aging-related brain-physiology changes have traditionally been studied using MR spectroscopy (MRS), EEG (correlates of CMRO 2 ) (Dekoninck et al., 1982) , TCD (CBF and CVR) (Peisker et al., 2010) , PET (CMRO 2 and OEF, see review by (Newberg and Alavi, 2010) ), SPECT (CBF) (Dormehl et al., 1999) and CT (CBF and CBV) (Meyer et al., 1994) , and more recently using NIRS (Schroeter et al., 2004) . A summary of conventional imaging tools can be found in a previous review (Gupta et al., 2012) . Compared to these techniques, fMRI-based methods are advantageous in terms of reduced invasiveness (compared to PET, SPECT and CT), enhanced spatial coverage and detail (compared to TCD and NIRS) and uniqueness of contrast (compared to all other methods). These important advantages have led to more widespread acquisition of physiological fMRI in aging (Lu et al., 2011b) . However, as will be demonstrated in subsequ (Chiarelli et al., 2007b )ent sections, the vast majority of studies in aging and neurodegeneration summarized in this review are based on the more established methods, namely ASL, DSC MRI and CVR. The uptake of novel fMRI methods for mapping brain physiology is still quite low. While to be expected, this delay in technical translation has resulted in a heavy bias in current fMRI literature towards vascular measures, which only provide a partial view of the neurodegeneration phenomenon.
As described earlier, in the presence of age-related vascular and metabolic changes, fMRI methods may be biased by the very changes that they aim to uncover, cautioning the interpretation of fMRI-based results in the context of dysfunction. This is true of established as well as novel methods.
Physiology of brain aging
The process of "normal aging" depends on genetic and environmental factors, and can vary widely across individuals. Nonetheless, the study of age effects in the living brain has mostly been based on comparisons amongst age groups. Within this context, decades of neuroscience research have led to consensus regarding certain functional aspects of normal (or healthy) brain aging (Yankner et al., 2008) : (1) memory loss on several fronts, including delayed verbal memory recall, reduced working memory recall as well as long-term memory decline; (2) compromised executive function; (3) behavioural alterations, perhaps as a result of the former two changes. In the normal aging brain, reduced neural activity was found to first occur in the subiculum and the dentate gyrus instead of the hippocampus (Small et al., 2002) . Conversely, reduced hippocampal activation has been observed in healthy aged adults during memory-related tasks (R emy et al., 2004) .
Underlying the various functional phenotypes of aging, histopathological, electrophysiological and nuclear-imaging studies have revealed accumulating oxidative stress, declining mitochondrial function and reduced cellular regeneration (Rossini et al., 2007) . The elevated intracellular Ca 2þ concentrations in older adults main sustain normal neuronal functional only until this fragile state of Ca 2þ homeostasis is disrupted by vascular dysfunction (Toescu and Verkhratsky, 2004) . Indeed, advancing age is also the biggest risk factor for vascular diseases such as hypertension, diabetes and stroke, which are also the top risk factors for dementia (Girouard and Iadecola, 2006) As well, BBB breakdown has been known to occur as part of normal aging (Rosenberg, 2014) , compromising the function of the NVU. As cerebrovascular efficiency falls, the aging brain may also suffer from impaired glucose metabolism, although this may be mediated by brain atrophy (Ib añez et al., 2004) . Indeed, cortical atrophy has been widely reported and robustly observed (Salat, 2004) , particular in the paracentral cortex, the superior and inferior frontal gyri as well as the superior temporal gyrus (Fjell et al., 2009 ). Furthermore, age-related white-matter degeneration is related to cardiovascular risk (Artero et al., 2004) and reduced CBF and CVR (Chen et al., 2013; Marstrand et al., 2002; Thomas et al., 2014) . These known physiological targets have lent themselves to the identification of fMRI-based physiological markers. A summary of recent human literature can be found in Table 1 . In accordance with the documented decline in cerebrovascular health, reduced CBF in older adults, both regionally and globally, has been widely observed (Chen et al., 2013 (Chen et al., , 2011 Lu et al., 2011b; Tarumi et al., 2014) , while accounting for concurrent age effects in brain-volume. This has been associated with both increasing arterial stiffness (Heffernan et al., 2008) and cognitive decline (Xekardaki et al., 2015) . Reports on CVR have been more limited, but fMRI-based CVR is found to decline with advancing age in both the grey and white matter (Lu et al., 2011b; Thomas et al., 2014) , concurrent with observations of increased BBB permeability (Montagne et al., 2015) . Moreover, a higher ΔCBF-ΔBOLD ratio in older adults in response to function tasks points to altered neurovascular coupling (Ances et al., 2009; Bangen et al., 2009; Restom et al., 2007) , in that the ΔCBF-CMRO 2 ratio may decrease with advancing age. This is consistent with reduced CBF in aging, but does not preclude the existence of an exaggerated CMRO 2 response. This question was clarified through calibrated BOLD , which revealed that resting blood oxygenation is also lower in the elderly, and that the CMRO 2 contribution to any given BOLD response is likely to increase et al., 2015) 24 healthy adults aged 20-90 years; BBB permeability measured using DCE MRI BBB permeability increased with age in the hippocampus.
J.J. Chen NeuroImage xxx (2018) 1-17 with age. Conversely, in a separate study, the CBF and CMRO 2 responses to a simple sensory stimulus is found to be maintained in aging, suggestive of lower baseline blood oxygenation in older adults (Ances et al., 2009 ) Lastly, whole-brain resting CMRO 2 was reported to rise with age (Lu et al., 2011b) , which may reflect reduced neuronal computational efficiency. However, this is in contradiction with previous PET-based findings (Baron and Marchal, 1992; Leenders et al., 1990) as well as with those using MRS (Boumezbeur et al., 2010) , consistent with age-associated reductions in the concentration of the metabolite N-acetylaspartate (Schmitz et al., 2018) . While brain atrophy could have biased the PET measurements of CBF and CMRO 2 , atrophy does not account for all discrepancies. Taken together, these findings may also be evidence that there are multiple streams/stages of brain aging. In the "optimistic" stream involving relatively healthy older adults, increased CMRO 2 is required to sustain normal brain function in the elderly, compensating for the decline in performance despite a decline in perfusion; when the compensation mechanism starts to fail, possibly due to underlying vascular risks in asymptomatic elders, then brain metabolism will conceivably decline also (Sperling et al., 2003) . In this regard, the heterogeneity in cohort sizes and selection across aging studies has certainly contributed to discrepancies in the experimental findings, and caution in interpretation is warranted.
Furthermore, it is instructive to recall the assumptions and limitations associated with current fMRI methods, notably with respect to transitdelay-related CBF biases in ASL and CVR nonlinearity effects mentioned in earlier sections. For instance, when ASL is used, a postlabeling delay too short for the elderly will lead to CBF underestimation and hence CMRO 2 overestimation. These limitations also apply to the study of aging-related neurodegeneration, and call for the integration of multiple physiological measures.
Age is the biggest risk factor for neurodegenerative diseases. The prevalence of dementia increases almost exponentially with increasing age with around 20% of those aged 80 affected rising to 40% of those aged 90 (Lobo et al., 2000) . The dementia types seen most frequently in the elderly are AD accounting for around 40%-70% of dementias, and vascular dementia (VaD) 15%-30% (Lobo et al., 2000) .
Physiology of aging-related neurodegeneration
Aging-related neurodegeneration is a leading cause of disability and death amongst the aging populations worldwide, and there are currently no disease-modifying therapies (Brettschneider et al., 2015) . Neurodegeneration generally refers to the slow and progressive dysfunction and loss of neurons and axons in the central nervous system (Amor et al., 2010) . It has been suggested that chronic neurodegeneration in aging commonly results from misfolding of proteins (Jov e et al., 2014) . That is, the decline of antioxidant defense and repair mechanisms have been associated with accumulating oxidative damage that lead to neurodegenerative disorders. While the root causes leading up to such damage are not fully understood, a general consensus has been reached in terms of the cerebrovascular contribution to cognitive impairment (Pluta et al., 2011) .
Neurodegeneration is known to affect the constituents of the NVU and to alter neurovascular coupling. These alterations can include changes in both the neurochemical mediators of neurovascular coupling and the dynamics of the vascular system itself (D'Esposito et al., 2003; Iadecola, 2004) . The vasculature is prone to its own deleterious processes brought about by main risk factors of neurodegeneration. Hypertension, as the chief risk factor, promotes vascular hypertrophy and atherosclerosis that leads to hypoperfusion (Girouard and Iadecola, 2006) . Eventually vasculature would become increasingly torturous and less reactive, exacerbating cellular oxidative stress (Black et al., 2009 ). The compromised capacity for vasodilation or constriction is likely behind the observed disruptions in the relationship between vascular and neural responses.
To this day, disease diagnosis has largely been driven by clinically classifiable declines in cognitive function, although PET imaging of glucose metabolism provides higher diagnostic accuracy in the case of dementia, validated through autopsy (Jagust et al., 2007) . Moreover, as shown in Fig. 3 , structural brain changes may well precede clinical function changes. Structural imaging and histopathology can uncover changes in brain structure and cellular processes associated with disease (Brettschneider et al., 2015; Dugger and Dickson, 2017) . However, in terms of interrogating the underlying pathophysiology in the living brain, which may show changes even earlier than structural changes, most of what is known has been learned through electrophysiological measurements (mainly using electroencephalography and magnetoencephalography) (Rossini et al., 2007) . In relation to electrophysiology, the unique contribution of fMRI is its ability to provide access to vascular physiology, and in relation, the underlying metabolic process. These will be discussed in relation to specific diseases.
Cerebral amyloid angiopathy
Cerebral amyloid angiopathy (CAA) is caused by aggregated forms of extracellular neurotoxic beta amyloid (Aβ) that settle within vessel walls of small to medium arteries, including leptomeningeal and penetrating arteries (Roher et al., 1993) . Evidence of Aβ entrapment in perivascular drainage has been widely found in CAA (Herzig et al., 2006) CAA is known to lead to impaired vascular reactivity and reduced perfusion (Miao et al., 2005; Weller et al., 1998) . CAA is also associated with ischemic lesions and vascular cognitive impairment (Pluta et al., 2011) , and could be a precursor to Alzheimer's disease (AD).
The majority of MRI studies involving CAA have been associated with the imaging of structural markers, such as microbleeds , cortical atrophy and white-matter lesions (Reijmer et al., 2017) . Only recently has BOLD fMRI been used to assess CVR in CAA patients, reporting reduced CVR amplitude as well as response speed (Dumas et al., 2012; Williams et al., 2017) . The recent literature is summarized in Table 2 . These signs of compromise vascular function are consistent with observations Aβ accumulation in the tunica media, smooth muscle cells and adventitia (Pezzini et al., 2009) , and are present in 95% of AD patients.
Dementia
Alzheimer's disease and mild cognitive impairment. Clinical AD is associated commonly with memory loss and loss of other cognitive functions, eventually premature death. As the most common cause of dementia, AD accounts for 60-80% of dementia cases (Lobo et al., 2000) . The primary risk factor for the disease is aging. The disease is found in 2%-3% of individuals at the age of 65 years, growing to 25%-50% of the population above the age of 85 years (Gorelick, 2004) . MCI is commonly considered an early or preclinical form of AD. However MCI is a heterogeneous condition, and the main phenotype that is associated with AD is amnesic MCI (aMCI).
Histological studies have relied primarily on immunocytochemical techniques to detect the presence of plasma or serum amyloid in the brain, and evidence supports that both inflammation and oxidative stress (increased level of ROS) occur early in AD (Erickson and Banks, 2013) . Furthermore, AD has been associated with reduced metabolic activity and neuronal loss beginning in the entorhinal cortex and the CA1 region of the hippocampus (Gomez-Isla et al., 1996) . As AD is only fully diagnosed on autopsy, AD patients are often classified as "probable AD".
Although the precise causes of AD are unclear, the ε4 allele of the apolipoprotein E (APOE) is considered the main genetic risk factor, and is found in 40-80% of AD patients (Strittmatter et al., 1993) as well as all cases of early-onset AD (EOAD). In contrast, the closely related ε3 allele is considered neutral (Bertrand et al., 1995) .
While the cholinergic hypothesis (Siegfried, 1993) proposes reduced synthesis of the neurotransmitter acetylcholine as the cause of AD, it has generally been believed in recent years that AD is induced by the aggregation of extracellular Aβ, preceded by the formation tau neurofibrillary tangles that destroy the cellular cytoskeleton (Blennow et al., 2006) . However, the animal literature reports that soluble Aβ, which predates Aβ plaques, deregulates cerebrovascular function by activating a free-radical cascade (Park et al., 2008) . Indeed, 60-90% of AD patients exhibit cerebrovascular pathologies (Bell and Zlokovic, 2009 ). The vascular hypothesis of AD pathogenesis (de la Torre, 2010; de la Torre and Mussivand, 1993) is further supported by the predictive value CVR (Sato and Morishita, 2013) in terms of MCI-to-AD conversions (Buratti et al., 2015) . Moreover, histological evidence points towards increased BBB permeability as a mechanism behind AD-related microvascular dysfunction (Brenner, 2008; Raz et al., 2016) . Furthermore, it is increasingly recognized that vascular deficits may be the most accessible physiological treatment target in the effort to delay dementia onset, and approaches that enhance perfusion have demonstrated potential therapeutic value (de la Torre, 2016). Thus, fMRI-based physiological measurement are an appealing approach to shed light on potential early markers of AD progression and treatment.
The application of fMRI techniques to map CBF and CVR has flourished in the past decade and has made AD the most studied neurodegenerative disease using non-invasive fMRI methods. There have been comprehensive recent reviews on ASL-based perfusion mapping for imaging MCI and early AD (van Osch et al., 2011; Wang, 2014; Wierenga et al., 2014 ), which will not be repeated in this review. The current consensus, based on PET, SPECT and ASL studies, is that MCI and AD groups exhibit significantly lower CBF than age-matched controls, primarily observed in frontal and temporal cortical regions (Gao et al., 2013; Zou et al., 2014) . CBF deficits are further shown to distinguish AD from other dementias (Binnewijzend et al., 2014) . Specifically, both SPECT and PET-based measures of CBF deficits in the middle-temporal precuneus, posterior-cingulate and parietal association areas are found to be predictive of MCI conversion to AD (Hirao et al., 2005; Nobili et al., 2001) . TCD-based CVR measurements have long been used to assess vascular-disease risk and severity (Maeda et al., 1993; Vicenzini et al., 2007) , and the use of CO 2 -based CVR mapping in AD has been reviewed recently (Glodzik et al., 2013) , demonstrating the feasibility of using PET, SPECT, TCD and fMRI to detect reduced CVR in preclinical and clinical AD. CVR deficits have even been discovered amongst young APOE ε4 gene carriers (Hajjar et al., 2015; Suri et al., 2014) (Fig. 4) . Such reductions in CVR echo postmortem observations of vascular dysfunction (Chow et al., 2007) , and are the result of a number of structural changes in the vasculature, including CAA, astrocytic end-feet swelling, pericyte degeneration, basement-membrane hypertrophy and endothelial-cell metabolic abnormalities (Hashimura et al., 1991; Miyakawa et al., Fig. 3 . Dynamic biomarkers of the Alzheimer's pathological cascade. (a) Aβ aggregation, which long precedes the display of structural changes (detected by anatomical MRI) and clinical symptoms, is likely to translate into detectable alterations in vascular health (figure taken from (Jack et al., 2010) with permission). (b) It is further suggested that CBF deficits can be present before Aβ accumulation is detected, making vascular markers an attractive target for disease prediction and prognosis. The figure is reproduced from (Wierenga et al., 2014) with permission.
Table 2
Physiological fMRI of in cerebral amyloid angiopathy: selected human studies.
Reference
Cohort and Technique Findings (Dumas et al., 2012) 15 CAA patients and 12 older controls; CVR measured using BOLD fMRI during visual task at 1.5 T BOLD response (CVR) was reduced in amplitude and speed CAA group. (Peca et al., 2013) 18 CAA patients and 18 older controls; neurovascular health measured using BOLD fMRI during visual and motor tasks at 3 T Visual BOLD response was lower in patients, but not motor response. BOLD response reduction correlated with whitematter lesion volume and microbleed count. (Williams et al., 2017) 13 CAA patients and 14 older controls; hemodynamic response (CVR) measured using BOLD fMRI during visual and motor tasks
The motor hemodynamic response was significantly lower, wider and slower in CAA. The response width correlated with microbleed count.
1997
). In the current review, we will provide a more general depiction of the state-of-the-art involving multiple physiological metrics, particularly in view of emerging fMRI methods that provide metabolic measures (Lajoie et al., 2017) (Fig. 5) . Select human studies associated with these findings are summarized in Table 3 . The ASL-based findings of CBF deficits in frontal, temporal and parietal regions are consistent with earlier findings based on PET (Alsop et al., 2000) and SPECT (Varma et al., 2002 (Varma et al., , 1999 . In contrast, a CBF elevation in the medial temporal region detected using ASL has been used to discriminate between APOE ε4 carriers and non-carriers even amongst cognitively healthy individuals Wierenga et al., 2012) The compromised CVR is consistent with TCD-based findings in the middle-cerebral artery (Viticchi et al., 2012) . In relation to this, AD-associated decline in PET-based measurements of glucose metabolism has been associated with an increase in BOLD-signal fluctuation amplitude in the white matter, which has been suggested as a measure of vascular pulsatility (Makedonov et al., 2016) , as AD has been associated with increased TCD-based pulse-wave velocity (Zhong et al., 2014) . Lastly, based on calibrated BOLD, resting CMRO 2 in AD patients is found to be depressed in the parietotemporal and precuneus regions (Lajoie et al., 2017) , consistent with PET findings (Ishii et al., 1996) . However, as calibrated BOLD combines BOLD and CBF data, it is particularly prone to susceptibility artifacts and arterial-transit delays in older participants, as noted by Lajoie and colleagues. Nonetheless, the trend of CMRO 2 reduction is consistent with those reported using TRUST MRI in MCI patients (Thomas et al., 2017) and with MRS-based findings of reduced glucose metabolism (Mullins et al., 2018) .
Despite the presence of vascular deficits in the majority of AD patients (up to 95% (Glodzik et al., 2013) ), autoregulation may not be compromised (as was found in AD transgenic mice) (Zazulia et al., 2010) it is still unclear whether CBF abnormalities precede those in those in CMRO 2 in all cases of probable AD. Moreover, given the overwhelming influence of vascular risk factors in AD progression, the lines between perfusion deficits in AD and other types of dementia can become blurred in later stages of the disease, as will be discussed in later sections. As a case in point, given the rampant occurrence of CAA amongst suspected AD patients, the vascular dysfunction can produce deleterious oxidative stress that can promote ischemia and accelerate AD progression (Bookheimer and Burggren, 2009; Girouard and Iadecola, 2006) . To test such a hypothesis, establishing a sensitive imaging marker of cerebral metabolism is critical. Furthermore, it is unclear whether CBF or CVR is a better potential biomarker of AD severity. It is conceivable that a diseased vasculature may sustain a normal perfusion level but reveal an abnormal response to a stress test such as used in CVR mapping (Fierstra et al., 2013) . As an increasingly amount of CVR data is generated using BOLD MRI, it is also important to note that microvascular CVR is more reflective of AD severity (Jellinger and Attems, 2006) , while the BOLD fMRI is generally dominated by large-vessels.
Vascular dementia. Vascular dementia (VaD), also known as vascular cognitive disorder, reportedly constitutes 10% of cognitive-impairment cases (Jellinger, 2007) and 15%-30% of dementia cases (Lobo et al., 2000) . VaD is characterized by multi-infarct encephalopathy, white-matter lesions and hippocampal sclerosis among others, and results in deficits in cognition, memory, behaviour and executive functioning (Jellinger, 2008 (Jellinger, , 2007 . On the basis of the vascular hypothesis, VaD is caused by diminished CBF, leading to hypoxia and BBB permeability from prolonged vasculotoxic and neurotoxic effects that promote neurodegeneration and amyloid deposition (Bell et al., 2010) . Risk   Fig. 4 . The effect of ε4-carrier status on CVR amongst young adults. CVR is measured using mixed-air hypercapnia during BOLD fMRI scanning. Both (A) ε2-and (B) ε3-homozygotes have higher CVR relative to ε4-carriers. Red-toyellow colors define voxelwise significance corrected for multiple comparisons. The figure is modified from (Suri et al., 2014) with permission. Fig. 5 . Voxel-based analysis of AD-control differences in CBF, OEF and CMRO 2 , adjusted for age. For each physiological variable, the coloured regions show a significant deficit in AD (family-wise cluster-corrected p < 0.05) CBF was measured using pCASL, whereas OEF and CMRO 2 are estimated using the comprehensive calibrated BOLD technique. CMRO 2 deficits are found to be more widespread than those in CBF and OEF. non-carriers, whereas individuals with MCI showed lower medial-temporal CBF than controls. 20 mild cognitive impairment (MCI; 11 ε3 and 9 ε4 carriers) and 40 healthy controls (27 ε3 and 13 ε4 carriers); CBF mapped using PASL at 3 T Elevated resting CBF in parahippocampal and fusiform areas in healthy e4 carriers but decreased for MCI ε4 carriers.
The opposite pattern was seen in frontal regions. (Zou et al., 2014) 20 AD patients and 20 healthy older controls; CBF measured using PASL at 3 T CBF in AD was significantly reduced in the bilateral frontal region, the temporal pole, the temporal-parietal junction and the hippocampus. (Bron et al., 2014) 32 early-AD and 32 healthy older controls; CBF measured using PASL at 3 T CBF was used to classify AD from controls with 86-91% accuracy. (Gao et al., 2013) 26 AD and 23 VaD; CBF measured using PASL at 3 T, and CVR measured using CBF response during CO 2 inhalation.
For the AD group, CBF was significantly lower in both the bilateral frontal and temporal lobes in AD group. For the VaD group, CBF was lower in left frontal and temporal white matter. CVR calculated by CBF was impaired more severely in bilateral frontal cortices in AD. (Tosun et al., 2016) 46 older controls (34 Aβþ, 12 Aβ-), 55 early MCI (30 Aβþ, 25 Aβ-), 20 AD (Aβþ); CBF measured using PASL at 3 T Reduced CBF in posteriorinferior brain was best at discriminating Aβþ from Aβþ groups. (Binnewijzend et al., 2014) 20 FTD patients, 14 DLB patients, 48 AD patients and 50 controls
In AD patients, CBF was decreased in all supratentorial regions, most prominently so in the posterior regions. DLB patients showed lowest CBF values throughout the brain, but temporal CBF was preserved. Supratentorial PVC cortical CBF values were lowest in the frontal lobes in FTD patients, and in the temporal lobes in AD patients. (Roquet et al., 2016) 44 prodromal DLB, 16 mild DLB, 13 prodromal AD, 26 AD and 21 older healthy controls; CBF mapped using PASL at 3 T DLB is associated with more CBF deficits in frontal, insular, and temporal cortices whereas AD showed reduced perfusion in parietal and parietotemporal cortices. (Yezhuvath et al., 2012) 17 AD patients and 17 healthy older controls; CVR measured using BOLD fMRI scans during CO 2 inhalation, and CBF measured using pCASL CVR in AD was significantly reduced in the prefrontal, anterior cingulate and insular regions, contrasting CBF reductions in the temporal and parietal regions. (Asllani et al., 2008) 12 AD and 20 older controls; CBF measured using CASL at 1.5 T CBF in AD was significantly reduced in the superiortemporal, cingulate, middletemporal, fusiform, precuneus and inferior parietal regions. (Verclytte et al., 2016) 37 patients with EOAD; CBF measured using pCASL CBF was reduced in EOAD, with the most severe hypoperfusion located in the parietal lobes, the precuneus, the right posterior (Bron et al., 2014) 11 AD, 9 AD/FTD, 11 FTD and 32 older controls; CBF measured using pCASL at 3 T CBF maps yielded successful patient classification but did not provide added accuracy to cortical-atrophy based classification. (Schuff et al., 2009) 14 AD, 8 subcortical ischemic VaD, 18 older controls; CBF measured using PASL at 1.5 T CBF was significant reduced in frontal and parietal cortices in AD and VaD, with CBF deficits additionally associated with white-matter lesions in VaD. (Roquet et al., 2016) 46 prodromal DLB, 16 mild DLB, 13 prodromal AD, 25 mild AD and 21 older controls; CBF measured using PASL at 3 T CBF in DLB was reduced relative to controls in frontal, insular and temporal cortices, whereas CBF in AD was reduced in parietal and parietotemporal regions. (Steketee et al., 2016) 13 AD and 19 FTD patients, and 25 age-matched older and 22 younger controls; CBF measured using pCASL at 3 T CBF was lower in the posterior cingulate in AD than in FTD. Compared to controls, AD patients had widespread CBF reduction whereas FTD patients showed CBF deficit mainly in anterior cingulate. (van de Haar et al., 2016) 7 AD, 9 MCI and 17 older controls; BBB permeability measured using DSC MRI at 3 T BBB permeability is significantly higher in AD and MCI groups compared to controls, in cortex, deep-grey matter and normal-appearing white matter. (Starr et al., 2009) 15 AD and 15 older controls; BBB permeability measured using DCE MRI at 1.5 T Mean BBB permeability was not different between AD and controls, but permeabilityrelated signal increased more rapidly for AD group over time. (Cantin et al., 2011) 9 AD, 7 MCI and 11 older controls; CVR measured using BOLD fMRI during CO 2 inhalation at 1.5 T CVR was higher in control group, but not significantly different between AD and MCI groups; diffusion CVR deficits were observed but predominant in posterior brain areas. (Richiardi et al., 2015) 15 aMCI, 20 AD and 28 older controls; BOLD fMRI during 7% CO 2 at 3 T CVR correlated with cognitive decline, and is significantly lower in both the aMCI and AD groups. (Suri et al., 2014) 18 APOE ε4-carriers, 17 APOE ε3-homozygotes and 18 APOE ε2-carriers, all under 40 years of age; CBF and BOLD fMRI measured using dual-echo pCASL; CVR was derived from BOLD signal during CO 2 inhalation CVR was significantly higher in young adults carrying the APOE ε2 allele than in ε3 carriers, and the lowest are in ε4 carriers. No CBF differences was found between groups. (Lajoie et al., 2017) 37 mild-moderate AD and 34 older controls; hypercapnia-hyperoxia calibrated fMRI using dualecho pCASL at 3 T CBF and CMRO 2 were reduced in the temporoparietal region. No frontal CBF reduction or global CVR reduction is found in the AD group. (Thomas et al., 2017) 44 aMCI and 28 older controls; CBF measured using phase-contrast MRI, CVR measured using BOLD fMRI during CO 2 inhalation; OEF and CMRO 2 measured with help from the TRUST method, all at 3 T Global CBF and CVR was not different between aMCI and controls, but CMRO 2 was significantly lower in aMCI.
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factors for VaD include large-vessel disease, small-vessel disease and cardioembolic disease. In subcortical VaD, the neuropathology is driven by severe stenosis and microvessel occlusion, culminating as white matter ischemia and multiple lacunar infarcts in subcortical structures (Roh and Lee, 2014) . Compared to the case of AD, the use of physiological fMRI in VaD has been very limited. ASL has revealed that VaD is associated with a distinct spatial pattern of hypoperfusion compared to other dementias. The details can be found in Table 3 . Specifically, ASL results revealed a VaDspecific hypoperfusion pattern in the temporal and frontal white matter, which is not observed in AD (Gao et al., 2013) . However, the sensitivity of ASL to detect such distinguishing features in CBF is still uncertain (Schuff et al., 2009) .
It has been postulated that classic VaD and AD models should be viewed as two disease extremes, one driven by hypoperfusion-induced ischemia and the other defined by Aβ-driven neurodegeneration. In practice, the two disease components often coexist. Moreover, VaD and AD share many risk factors and clinical manifestations (Gorelick, 2004; Iadecola, 2004) , as well as hypoperfusion and reduced CVR, making their separation difficult in later stages of disease. More accurate identification of pathogenic processes requires disease monitoring in earlier stages as well as the ability to measure neurometabolic as well as vascular changes. In this regard, CBF alone is likely insufficient as a vascular measure, as it reflects both hemodynamic and neuronal modulation. A more vascular-centric measure such as CVR is likely more effective at detecting early vascular abnormalities.
Frontotemporal dementia. In contrast to AD, there is little evidence that frontotemporal dementia (FTD) is associated with cerebrovascular dysfunction. The role of tau neurofibrillary tangles in neurodegeneration is firmly established in frontotemporal dementia (Yankner et al., 2008) , in which~50% of patients report a positive family history, implicating genetic-driven pathogenesis (Rosso, 2003) . There have been recent reports of tau pathology associated small-vessel disease (Thal et al., 2015) . As these FTD-related observations are proposed to mainly reflect subcortical small-vessel disease, the application of fMRI techniques is more confined by the limited signal-to-noise properties of white matter (as compared to grey matter). Thus, there have been few fMRI-based brain-physiology studies involving FTD. ASL has been used to reveal differential patterns of hypoperfusion in FTD relative to AD (Steketee et al., 2016) , as summarized in Table 3. ASL perfusion reportedly distinguished FTD from AD with a 74% accuracy based on the FTD pattern of frontal hypoperfusion without concurrent parietal hypoperfusion, in line with earlier results based on SPECT (Archer et al., 2015; McNeill et al., 2006; Varma et al., 1999) . With the appropriate technical advances and optimizations, the role of vascular impairment in FTD remains to be further investigated.
Dementia with Lewy Body. The term "Lewy-Body disease" refers to disorders characterized by the pathologic neuronal accumulations of intracellular vesicles and neurotoxic α-synuclein proteins known as Lewy bodies (Brettschneider et al., 2015; Pezzoli et al., 2017) . In dementia with Lewy Body (DLB), the mitochondria are drawn into the Lewy body and hence mitochondrial integrity is lost. DLB is associated not only with cognitive deficits, but also motor dysfunction, sleep disorders and visual hallucinations (Pezzoli et al., 2017) .
Some existing human fMRI studies on DLB are detailed in Table 3 . The use of MRI in mapping DLB brain physiology is still in its infancy. Nonetheless, ASL fMRI has been successfully applied to DLB, revealing that, compared to AD and FTD, DLB is associated with the lowest overall CBF across the brain but relatively preserved temporal-lobe CBF (Binnewijzend et al., 2014) . In a separate ASL study (Roquet et al., 2016) , DLB is distinguished from AD through a lack of parietal hypoperfusion. These distinct hypoperfusion patterns are consistent with the differences in disease profiles, with DLB affecting mainly executive function and attention without inducing memory deficits. A general caveat of studying CBF in the frontal regions is the presence of strong susceptibility gradients in the medial orbitofrontal regions, which may compromise the sensitivity of CBF estimates.
Parkinson's disease
Parkinson's disease (PD) is the second most common neurodegenerative disorder after dementia (Van Den Eeden et al., 2003) . As a primarily motor disorder that is characterized by tremours, bradykinesia or hypokeinesia, muscular rigidity and postural instability (Th eberge, 2008) , PD is also an age-related neurodegenerative disorder, with its prevalence increasing 20 fold to 4% amongst those over 80 years of age (Newman, 2009) . The main clinical symptoms of PD are associated with the destruction or damage of dopaminergic neurons in the substantia nigra that are essential to the motor-control pathway.
Though not yet clear, PD etiology has been associated with genetic factors, drug use and traumatic brain injury among others. Notably, the involvement of misfolded proteins (α-synuclein) that accumulate and form Lewy bodies (Whitworth and Whitworth, 2014) has linked PD to DLB as part of a disease spectrum. However, in PD, multiple Lewy bodies are often observed with a-synuclein interacting with genetic material to cause marked nuclear degradation (Power et al., 2016) . Importantly, due to PD's comorbidity with DLB, as many as 40% of people who have PD will develop dementia, giving rise to the concept of PD dementia (Pezzoli et al., 2017) .
The study of PD brain physiology using MRI has mainly been focused on perfusion imaging and is still rather limited in scope. Relevant recent studies are summarized in Table 4 . In brief, PD has been associated with regional reductions in CBF as well as prolonged arterial-transit time (ATT). However, there has yet to be a consensus regarding the extent of hypoperfusion in PD, likely due to disease variability across patients and the limited scope of application.
Amyotrophic lateral sclerosis
ALS is diagnosed based on symptoms of muscle weakness or twitching, slurred speech, or trouble with physical tasks. The most common form of ALS is "sporadic ALS", implying that the pathology is independent of gender, ethnicity and age. Nonetheless, afflicted individuals are most often aged between 40 and 60 years, making ALS an aging-sensitive disease. Histological evidence suggests that like FTD, ALS is characterized by frontal-lobe degeneration (Zago et al., 2011) . More recently, ALS and FTD are found to be closely related conditions with overlapping clinical, pathological, radiological, and genetic characteristics (Zago et al., 2011) . While MRI has been used to assess brain function (Lul e et al., 2009 ) and structure (Turner and Modo, 2010) in ASL, the use of MRI to assess brain physiology has yet to develop, constituting a promising area of expanded application.
Table 4
Functional MRI in physiological imaging of Parkinson's disease: select human studies.
Reference
Cohort and Technique Findings (Kamagata et al., 2011) 35 PD, 11 PD with dementia and 35 older controls; CBF measured using PASL at 3 T Both PD and PD-dementia groups showed lower CBF in posterior cortex than controls. (Al-Bachari et al., 2017) 14 PD and 14 older controls; CBF and ATT measured using PASL at 3 T CBF in PD significantly correlated with cognitive assessment, and ATT in PD was significantly prolonged across the brain. However, no CBF difference between PD and controls was found.
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Future challenges and opportunities
Interpretation
While a comprehensive view of brain physiology is critical for understanding disease processes, it must be borne in mind that every imaging technique discussed in this review is associated with specific assumptions. For instance, whether using BOLD or perfusion-based fMRI methods, the measurement of neural response depends on intact neurovascular coupling. Moreover, as described in earlier sections, the chemical mechanisms of neurally induced and CO 2 -induced hyperemia are not entirely the same. Thus, the interpretation of functional measurements based on the knowledge of CVR in the presence of compromised neurovascular coupling may be misleading. This issue directly impacts CO 2 -calibrated fMRI, leading to possible biases in CMRO 2 estimation. As another example, contrast-enhanced perfusion quantification models assume an intact BBB. While ASL methods are relatively immune to BBB leakage, the prolonged arterial transit times (particularly in the occipital lobe) in older participants and those with brain disorders will likely lead to CBF underestimation in a spatially heterogeneous manner. Finally, while it is tempting to exploit resting-state fMRI for physiological measurements (Kannurpatti et al., 2011; Liu et al., 2017; Makedonov et al., 2016) , the origins of the resting-state data are time-variant and far from being fully understood, making accurate interpretation even more challenging.
Furthermore, most fMRI methods are negatively affected by the presence of susceptibility artifacts obscuring medial temporal regions, which are key regions affected by both aging and most forms of dementia. Specifically, the signal dropouts in these regions lead to artifactual underestimations of fMRI activation and perfusion, impeding meaningful evaluations of physiological health.
Clinical translation and large-scale data gathering
It is evident, from this review, that the vast majority of studies addressing brain physiology in age-related neurodegenerative diseases focus on perfusion mapping alone. This is likely due to (1) the relatively high interpretability of CBF maps; (2) the ease of quantitative perfusion mapping using ASL. However, ASL has yet to reach its full potential, not only due to potential acquisition challenges in the clinical realm (Alsop et al., 2014) , but also due to the lack of a standard, plug-and-play post-processing pipeline (Essig et al., 2013) .
Beyond perfusion mapping, in terms of gathering more comprehensive physiological data on a routine basis, the following challenges need to be met.
(1) High demand for patient compliance. As a case in point, the use of hypercapnic manipulation for CVR mapping in AD patients and elderly participants are non-trivial, neither is breath-holding is not without its difficulties. The high failure rate in CVR mapping amongst older adults and patients (31% in CO 2 -inhalation studies (Cantin et al., 2011) and 21% in breath-holding studies (Jahanian et al., 2017) attests to this translational challenge. (2) Long imaging time. The preparation of a typical CVR scan (including necessary patient training and instrumentation set up) may take 30 min, not ideal for the incorporation of such scans in clinical and large-scale studies. Even the more established DSC MRI scans for mapping BBB permeability make take up to 25 min (van de Haar et al., 2016) , posing a serious challenge for routine adoption. (3) High technical demand. The successful use of techniques such as qBOLD, QUIXOTIC and QSM requires considerable technical understanding and expertise. For the most part, even more established methods such as calibrated fMRI involves a series of experiments that not only require experienced research staff but also custom data analysis. The availability of the necessary expertise is still relatively limited, which is even more the case for CBV and OEF mapping. Thus, novel imaging methods must follow their development cycle to transform from "boutique" techniques into those suitable for clinical translation, and such cycles may take decades.
The need for larger-scale data gathering implies that the imaging techniques employed need to be accessible, non-invasive, cost effective as well as undemanding for participants and experimenters. These requirements may in fact present an opportunity for the expanded use of resting-state based approaches (Christen et al., 2015; Golestani et al., 2016; Jahanian et al., 2017; Liu et al., 2017) . While resting-state CVR methods are mostly non-quantitative and do not provide equivalent amounts of information as measurements based on gas challenges, researchers have to assess the utility of quantitative versus qualitative measurements in view of practical challenges in carrying out measurements.
"Better" imaging -study size versus complexity There is no doubt that MRI physicists must work more closely with front-line clinical researchers as well as physicists from other imaging domains to accelerate the translation of some of the more novel techniques. In order to maximize data efficiency, these translational efforts must be coordinated with the vast amounts of data being made available worldwide through large-scale multi-site research studies. That is, although we can always increase the sample size or comprehensiveness of the image acquisitions, it is more imperative at this time to find new ways to extract novel information from routine imaging data sets rather than rely on more technically-complex data acquisitions. Moreover, to enhance the knowledge gained through these immense neuroimaging databanks, the value of multi-modal data fusion should be better capitalized in studying brain physiology. There is an increasing need to associate fMRI findings with those of structural (anatomical, diffusiontensor imaging and so on) and metabolic imaging (MRS) to gain valuable perspective. As a case in point, the observation of age-related CBF changes must be interpreted in light of concurrent brain atrophy.
Conversely, not all research questions are best addressed using immense data sets. There is unique value to designing multimodal imaging protocols. That is, fMRI methods do not have to be used in isolation, but can be combined with methods such as EEG, TCD and NIRS (Fabiani et al., 2014 ) to achieve more comprehensive and less biased characterizations of the neurovascular system.
The quest for potential biomarkers
The term "biomarker" is used widely to suggest potential uses of new fMRI methods. A biomarker is defined as "a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathological processes, or pharmacological responses to a therapeutic intervention" (Biomarkers Definitions Working Group., 2001) . Three aspects of biomarker validity has been suggested (Schulte and Perera, 2012) : 1) content validity, which shows the degree to which a biomarker reflects the biological phenomenon studied, 2) construct validity, which pertains to other relevant characteristics of the disease or trait, and 3) criterion validity, which shows the extent to which the biomarker correlates with the specific disease and is usually measured by sensitivity, specificity and predictive power. Thus, although the sensitivity and reproducibility of an imaging measure are often used to validate it as a biomarker, it would be premature to do so based on these aspects alone.
In terms of physiological fMRI, great strides have been taken in ascertaining the sensitivity, specificity and predictive power of metrics such as ASL perfusion. Despite the dependence on group effects and discrepancies in subject categorization, it is generally recognized that CBF is a biomarker of neurodegeneration (Hays et al., 2016) . However, CBF still lacks specificity to underlying biological mechanisms, as it reflects both vascular and neuronal information. To overcome this limitation, the next frontier for biomarker development in the fMRI context should ideally be CVR and resting CMRO 2 . These metrics are ripe for large-scale validation for biomarker attributes, as they are becoming increasingly established as traits as well as less demanding in terms of burden on patients.
Brain-body connection
In the quest for imaging biomarkers for neurodegeneration, the connection between the brain and whole-body physiology cannot be overlooked. As cardiovascular and metabolic diseases (such as hypertension and diabetes) are major modifiable risk factors of age-related neurodegeneration (Girouard and Iadecola, 2006) , it is likely that systemic vascular dysfunction is an integral part of the disease mechanism. Indeed, the prevalence of these systemic diseases is blurring the traditional diagnostic categorizations across neurodegenerative disease (such as CAA, AD and VaD) (Iadecola, 2004) . As the main ultimate aims of physiological brain imaging is to use physiological knowledge to prognose disease and monitor treatment outcomes, it is likely that neuronal pathogenesis and regeneration will need to be interpreted in terms of modulatory effects originating from outside the brain.
